Photocatalysis with modified titania is a promising approach to improve both air and health quality. Modified titania with novel photocatalytic properties under indoor light irradiation leads to smart coatings, which are benchmark materials suitable for their indoor applications. It is generally accepted that the photocatalytic activity is affected by the light absorption, charge creation/recombination rate and surface reactivity. In this contribution we focus on modified TiO 2 as catalyst in heterogeneous photocatalytic processes and address the efficiency of TiO 2 -based building and construction materials on the removal of environmental pollutants indoors and outdoors. We also present data on the presence of eventually formed, toxicologically relevant and harmful by-products as the result of the photo-induced degradation of pollutants in an effort for better evaluation of induced risks for human health from the application of TiO 2 modified materials. Finally, we present recent results on the disinfection performance of these material and the inactivation of severe pathogens contained in water and indoor air environments.
Introduction
Heterogeneous photo-catalytic processes using semiconductor oxides such as TiO 2 ZnO and WO 3 as photocatalysts are a promising technology and an efficient way for the removal of pollutants.
Moreover, they stand out among Advanced Oxidation Processes (AOPs) as promising and effective biocidal techniques for the purification of air and aqueous matrices [1] . According to the World Health Organization (WHO), air pollution possesses the sixth place among the leading causes of death globally [2] . Disease-causing microorganisms, which can be found in indoor and water environments, are the primary "target" of disinfection techniques, with the aim to control their concentration to tolerable and safe limits for public health protection [3] . Statistical air pollution performance measures play a major role in the model validation by comparing the observations with the modeled predictions. Recent statistical data for outdoors/indoors mainly refer to air pollution assessment and evaluation of the health effects that particulate matter (PM) of 2.5 microns that penetrate to deep lung and related polluting gases such as Ozone, NO 2 , SO 2 , CO. etc. Statistical models such as the longitudinal applied by the John Hopkins and Washington University team in 2006 [4] have demonstrated the development of asthma among children and vulnerable members of our society. However, a comprehensive set of ranked performance measures for validating the newly developed air quality models is still lacking. The rapid and easy spreads of pathogenic microorganisms in aerosols, through the consumption of contaminated water, illustrate the importance of their effective inactivation, including bacteria, viruses and protozoa [5] .
In the case of photocatalytic materials such as TiO 2 , the process is triggered by the irradiation with UV light which leads to the promotion of electrons (e À ) from the valence band to the conduction band leaving positive holes (h þ ) behind. The characteristic time for this step is a few femtoseconds. Produced positive holes and free electrons may subsequently either recombine-within nanoseconds-or diffuse to the semiconductor surface. In the latter case, the positive holes and electrons at the semiconductor/ air interface, as very reactive species, can be trapped by adsorbed molecules of oxygen and water forming the high reactive hydroxyl radicals (OH ) and superoxide radicals (O À 2 ), which subsequently initiate redox processes leading to the degradation/mineralization of adsorbed organic and inorganic compounds [6e8].
TiO 2 is generally accepted as one of the most effective photoinduced catalysts and is frequently used to oxidize organic and inorganic compounds in air and water due to its strong oxidative ability and long-term photo-stability. TiO 2 is also a very common, non-expensive and non-toxic material. It exists in three crystalline structures; anatase, rutile and brookite. Anatase and rutile belong to the large bandgap semiconductors with bandgap energies of 3.2 and 3.0 eV, respectively. Anatase is basically the polymorph phase which has widely been used in photo-catalytic processes for depollution purposes. However, it has been indicated that mixtures of anatase and rutile are photo-catalytically more active than pure anatase or rutile phases of TiO 2 separately [9] . TiO 2 -based photo-catalytic materials and coatings when used as an outer layer on buildings facades in highly traffic roads have shown efficiency to degrade priority air pollutants (e.g. NO, NO 2 ) originated from traffic exhausts. TiO 2 -containing paints have been tested in order to verify their effectiveness in removing NO under controlled environmental conditions of humidity, temperature and illumination (environmental chamber testing). NO was selected as the target pollutant, as it is one of the prominent pollutants in indoor and outdoor environments [10] .
Apart from the mineralization of organic and inorganic substrates, TiO 2 photo-catalyst may trigger off the destruction of a wide range of microorganisms [11] . The beneficial action of photocatalysis relies primarily on the in situ generation of highly reactive species, like hydroxyl and superoxide radicals, as mentioned above, which induce oxidative stress to microorganisms causing their ultimate inactivation [1] . These reactive species when in contact with microbial cells cause deleterious alterations in cellular structure, microbial inactivation and possible destruction [12] . Photocatalytic disinfection has extensively been exploiting to control indoor air quality, an issue of major public health concern. Some examples include filters from heating, ventilation and air conditioning systems coated with TiO 2 to inactivate aerosolized Escherichia coli, lamps emitting visible or UV light coated with TiO 2 to inactivate Staphylococcus epidermidis and Aspergillus niger spores in flow chambers and a photo-catalytic scrubber to control Enterococcus faecalis and infectious bursal disease virus associated with livestock houses [13e15].
However, since UV represents a small part, only 5e8%, of the solar radiation, there is a need to find photo-catalysts, which are working/activated using light from the visible spectral region i.e. utilizing wavelengths between 380 and 500 nm, to profit of a greater amount of energy available from the solar radiation. In this context, in the past years significant efforts have been made to improve the catalytic activity of semiconductor oxides using visible light by modifying characteristics such as their specific surface area and energy band gap (E g ).
This has been achieved, on the one hand, by using semiconductor oxides at nanoscale, hence increasing substantially the specific surface area and thus the number of reactive sites available, and, on the other, by doping. In particular, doping of TiO 2 with nonmetal (C, N, S, I) and metal ions (Cr, Mn, Fe, Ni) is a feasible way to reduce its band gap and thus extend the photo-catalytic response of TiO 2 into the visible region of the solar spectrum. The addition of a dopant modifies the electronic structure of TiO 2 lowering its band gap either by increasing the valence band and/or by decreasing the conduction band energy shifting its absorbance into the visible light region (bathochromic shift-red shift) [16] .
Due to the large surface/room-volume ratio indoors, the use of paints with air purifying potential is a very promising application in indoor environments considering that often pollution levels by far exceed those found outdoors. Moreover, the fact that humans spend approximately 90% of our time indoors underlines the importance photo-catalytic paints with de-polluting properties might have on our daily life by reducing human exposure to air pollutants indoors.
In the last decade extensive efforts have been focused onto the application of smart photo-catalytic materials and coatings, which could improve the quality in indoor environments too. In this context, among others, Mn-doped anatase TiO 2 photo-catalyst powder was successfully applied for the oxidation of NO under indoor-like illumination conditions. Results from these experiments demonstrated that, upon selection of the appropriate dopant and concentration, the photo-assisted elimination of air pollutants may be proved as a promising technique for remediation purposes in indoor environments too [17] .
The present review provides selected information on TiO 2 as catalyst in heterogeneous photo-catalytic processes and is addressing the efficiency of TiO 2 -based building and construction materials for the removal of environmental pollutants in indoor and outdoor environments. Moreover, it includes information on the determination of eventually formed, toxicologically relevant by-products from the photo-induced degradation allowing a better evaluation on induced risks for human health from the application of TiO 2 modified materials.
Photocatalysis on titania

Fundamentals of heterogeneous photocatalysis
Photo-induced reactions in the heterogeneous phase proceed differently from those in the homogeneous phase. Due to the interaction between the functional groups of the adsorbed chemical compounds and the adsorbent surfaces, bond lengths and bond angles between individual atoms of the adsorbed compounds are altered. This leads to changes in the absorption behavior of the compounds. Changes in absorption behavior are generally of a bathochromic nature (red-shift). In addition changes in the relative intensities of the individual bands (hyperchromic effects) might also be very important. As a consequence, compounds which practically do not absorb i.e. tropospheric light (l > 290 nm), once they are adsorbed on surfaces, demonstrate the ability to be transformed or degraded due to changes in the absorption behavior and the reaction with very reactive radicals formed on the catalytic surface. The catalytic effectiveness of a surface is measured by its ability to enable electron transitions and to inhibit fast recombination of charge carriers. Irradiation of a surface with UV and in some cases with visible light often leads to a change of the distribution of the charge carriers in/on the catalytically active surface.
There are many studies indicating the degradation of organic compounds (photomineralization) adsorbed onto e.g. silica gel by irradiation with sunlight or artificial light with l > 290 nm, which otherwise, as in the homogeneous phase, would not be transformed/degraded under the same reaction (irradiation) conditions. In some of these studies an attempt was made to correlate the rates of photo-oxidation (photomineralization, %CO 2 production) of environmental chemicals adsorbed onto silica gel with their ionization potential [18] .
Over the last decades, heterogeneous photo-catalysis with the use of semiconductor oxides, such as TiO 2 , ZnO, WO 3 , activated by UV light, found the interest of many research groups, in particular for the removal of organic and inorganic compounds in gas phase and aqueous systems [19e21] .
Among these, TiO 2 is the most frequently used photo-catalyst due to its strong oxidative ability. TiO 2 is a chemically stable compound, very common, non-expensive and non-toxic. Schematic presentation of UV irradiation (l < 380 nm) of TiO 2 that promotes an electron from the valence band to the conduction band (band gap energy 3.2 eV) leaving a positive hole behind is illustrated in Fig. 1 .
In this process TiO 2 particles behave like electron donors or acceptors for molecules reaching the surface of the semiconductor. Positive holes and electrons as very active species participate in redox reactions on the surface of the semiconductor with water, oxygen, adsorbed organic or inorganic compounds leading to the mineralization of the pollutants. Positive holes and electrons can also react directly with adsorbed organic or inorganic compounds on the semiconductor surface. However due to the fact that water molecules and oxygen are more abundant than contaminant molecules under normal conditions, basic processes on the semiconductor surface are guided by the reaction of hþ and eÀ with water molecules and oxygen leading to the formation as intermediates of very powerful radicals like hydroxyl (OH ) e and superoxide radicals (O À 2 ) radicals, which are considered responsible for the redox processes at the semiconductor surface promoting the total degradation of pollutants as illustrated in Fig. 1 .
However, as noted earlier, positive holes and electrons may readily recombine. In this case no reaction is taking place. Therefore, a prime challenging task for an effective process is to inhibit recombination of charge carriers in order to maintain the activity of the photo-catalyst high. In this context, as stated above, mixed phases of anatase and rutile, the dominant crystal structures of TiO 2 , may strongly promote charge separation through trapping of holes and electrons across the different crystal phases [22] . Charge separation of photo-generated species can also be achieved through doping of TiO 2 with metals and non-metals, which are introduced into the crystal lattice of TiO 2 without changing its basic crystallographic form. In addition, doping of semiconductors generally leads to a more efficient use of the solar spectrum radiation, considering that the UV part makes 5e8% of the solar spectrum only, while the visible part accounts for more than 43%, enabling the activation of the semiconductors e.g. TiO 2 at longer wavelengths (red shift, l > 380 nm). For instance in the case of manganese (Mn) the doping processes taking place, are presented in Fig. 2 . Mn 2þ has valance electronic configuration of 3d 5 . When it traps electrons with Mn 2þ the electronic configuration changes to d 6 (Mn þ ) and if it traps with holes the electronic configuration changes to d 4 (Mn 3þ ), both unstable, as shown in reactions (1e4).
Concerted efforts are on the way to further improve existing or even prepare new materials, which can be used under solar or visible light irradiation for the transformation/degradation of environmental pollutants/contaminants in indoor and outdoor environments. In this context, apart from the development of new dopant photo-catalysts, additional support materials are needed to increase the surface area and provide additional stability to the photo-catalyst.
In the past, photo-induced reactions in the heterogeneous phase e.g. on silica gel leading to the degradation of organic priority pollutants have been extensively studied [18, 23] . With the use of semiconductor oxides as photo-catalysts the area of heterogeneous photo-catalysis has expanded rapidly within the last decades, in particular regarding the application of photocatalytic building and construction materials. TiO 2 due to its unique chemical characteristics has attracted the interest of researchers from academia and industry and has also became one of the most used photo-catalyst worldwide for the development of innovative building envelope material coatings capable to degrade inorganic and organic pollutants. Since un-doped TiO 2 can only be activated by UV light, there is a need to develop modified TiO 2 based photo-catalysts i.e. by doping that can induce its activation under visible light. This way, its application range may be extended to cover indoor environments too. One way of doing this is doping.
Electronic, structural and physicochemical studies on titania (TiO 2 )
The physicochemical properties of TiO 2 and the effect on its applications depend on parameters such as crystalline structure, particle size, preparation method, surface area and morphology, porosity and ratio of polymorphs. Regarding structure, TiO 2 , as mentioned above, is known to be forming three crystalline polymorphs, i.e. anatase, rutile and brookite, of which anatase and rutile are tetragonal. In this structure, each octahedron is sharing corners to form (001) planes for anatase and edge sharing octahedrons forming (001) planes for rutile [24] as illustrated in Fig. 3 . On the other hand the orthorhombic structure of brookite phase is made up of both corner and an edge sharing octahedral. Anatase and rutile are meta-stable phases with the brookite being the most thermodynamic stable one. Due to these different crystal structures their subsequent density and electronic structures are different leading to diverse photo-catalytic activities and electronic responses. Although research on TiO 2 has focused on stabilizing the tetragonal-anatase phase of this oxide due to its excellent catalytic properties [25] , mixture of anatase and rutile phase materials such as that of the industrial Degussa P-25 (30% rutile e 70% anatase) have been proved particularly effective [22] .
In all current applications, it is generally accepted that TiO 2 is slightly off-stoichiometric with a number of oxygen vacancies giving rise to its n-type behavior. Besides crystal structure and phase mixture, important parameter underlining the effectiveness of this metal oxide semiconductor as photo-catalytic material is its band gap, the value of which determines the range and volume of energy it may absorb, thus controlling the amount of electronehole pairs produced. Using a wide band gap semiconductor as photocatalyst in which electrons from the valence band are excited to the conduction band thus resulting in the formation of electronhole (e À eh þ ) pairs, one is restricted to the range of energies that surpass the corresponding band gap energy. In the case of anatase TiO 2 , accepted as the most photo-catalytically active polymorph due to its superior mobility of e À eh þ pairs, this energy corresponds to wavelengths of <390 nm i.e. the harmful UV radiation which is a small fraction of the solar radiation as suitable for the excitation process, thus restricting the range of photo-catalytic to outdoor applications only. However, effective band gap engineering utilizing semiconductor doping techniques may lead to band gap narrowing allowing the initiation of the activation process by photons of smaller energy thus utilizing part of the visible part of the solar spectrum too.
Successful efforts on doping either by non-metal or metal ions have opened up the field of indoor depollution utilizing visible light photo-catalysts. Nevertheless, besides the crystal structure and polymorph ratio, the issue of effectiveness either of undoped or doped TiO 2 is underpinned by the so called e À e h þ pair recombination ratio i.e. the time span that the generated electrons and holes remain available for reacting with surrounding surface adsorbed H 2 O molecules to form, among other, hydroxyl and super oxide radicals. It is reported that in doped TiO 2 materials the dopants can induce shallow donor or acceptor states and lead to prolonged carrier diffusion lengths, thus facilitate recombination inhibition resulting to enhanced photo-catalytic activity. However, this may not be taken as a general rule as, in numerous cases, the presence of dopants, despite the achieved red shift in optical absorption edges as the result of the dopant presence, induce defect states which themselves act as carrier recombination centers on migrating carriers from the inside of the photo-catalyst to the surface [26, 27] . As mentioned above, mixture of TiO 2 polymorphs has also been reported of their ability to inhibit the electron-hole recombination rate too while charge separation is another key factor addressed lately particularly for visible-light water splitting and water purification [28] .
In as far as visible light photo-catalysts are concerned, as analyzed above the major drawback for pure TiO 2 is its large band gap and the solution to obtain a photocatalytic activity in the visible region is to modify the semiconductor either by doping the oxide with non-metal, transition metals and other metal oxides such as WO 3 or by dye-sensitization [29] . There are also studies that support the idea that one of the ways to improve the photocatalytic performance is by increasing the number and strength of acid sites in the catalysts [30] . Although dye-sensitization is a widely used technique particularly in photovoltaic systems in the absence of semiconductor charge separators, the photocatalytic efficiency of these dyes is rather poor. On the contrary, doping with noble metals such as Pt, Pd, Ag, Au etc has been proved very effective for visiblelight activation due to the effective transfer of the photo-generated electrons from the conduction band of TiO 2 to the metal particles induced by their lower Fermi levels with respect to that of TiO 2 . Superior visible-light photocatalytic activity has been reported from transition metal doping and in particular Fe, Cu [31, 32] and recently for Mn [33, 34] . In 2003, the group of Kisch [35] first reported visible-light photo-catalysis utilizing carbon-doped TiO 2 and attributed its activation to the formation of Ti 3þ and oxygen vacancies due to the presence of carbon. Successful doping attempts regard the application of Sulfur, Fluorine, Iodine, Selenium and Boron followed right after [36e39]. Recently, graphene-TiO 2 composites have emerged with excellent photocatalytic activity synthesized by chemical and hydrothermal reduction as a suspension or as thin films of graphene oxides (RGO) [40] .
In most material combinations, controlling the structure and morphology properties is essential for the degree of material activity [41] . There are numerous reports on a number of diverse synthetic methods leading to the formation of titanium oxide acquiring the tetragonal-anatase structure with enhanced photocatalytic activity. Among these physical and chemical techniques one may note the most important such as sputtering, pulsed laser deposition (PLD), solegel, hydrolysis of inorganic salts, and some hydrothermal processes for, among other, TiO 2 -Graphene Oxide (TiO 2 e GO) nanocomposite development [42] . Now-a-days, the solegel method and hydrothermal process are the most common inexpensive synthetic routes used to synthesize most transition metal oxide previously mentioned.
Strategies for improving titania photoactivity with transition metal doping for visible light applications
It has been underlined that the fundamental principle of photocatalysis is the ability of a photo-catalyst to absorb photons creating very active species which are capable to participate in redox reactions of most organic and inorganic compounds leading to the mineralization of the pollutants. In line with other photo-catalysts, the activity of TiO 2 depends on the lifetime of charge carriers generated on the surface. Surface electron e holes recombination is extremely high with most of charge carriers recombining on the surface before the redox reactions and this recombination rate must be reduced in order to improve the photocatalytic activity. As stated above, one way to reduce it is by doping with transition metal cations, which create traps for electrons and/or holes that subsequently immobilize the charge carriers and thus reduce the recombination rate. On the other hand doping induces a bathochromic shift i.e. a decrease of the band gap with the introduction of intra band gap states which lead to an enhanced absorption in the visible light region. Several transition metals such as V, Cr, Fe, Mn, Ni, Co, Cu, Zn [43e52] have been investigated previously in the attempt to create a shift of the energy band gap and to extend the spectral response of modified TiO 2 towards the visible light region. The red shift of the absorption edge into the visible region can be assigned to the charge transfer between the d electrons of the transition metals (dopant) and the conduction (or the valance) band and appears to be a complex function of the dopant concentration, the energy level of the dopants, their electronic configuration and the applied light intensity.
Key parameters that influence the photocatalytic degradation of pollutants under visible light irradiation are the type of the dopant (transition metal, oxidation states, size), the concentration and the microstructural and morphological characteristics of the modified TiO 2 . Choi et al. performed a systematic study of TiO 2 nanoparticles doped with 21 metal ions and found that the presence of metal ion dopants significantly influences the activity and its charge carrier recombination rates [31] . Devi et all reported in a review article that, if the dopant having higher ionic size (like Mn 2þ , Zr 4þ ) substitutes the Ti 4þ ion in the TiO 2 lattice this leads to structural defects such as vacancies, particularly on the surface and thus more oxygen may escape from the lattice to trap the photo-genarated holes and form hydroxyl radicals, preventing electron-hole recombination [53] . Verykios at al reported that the doping with higher valent cation compared to Ti 4þ shows enhanced photocatalytic activity compared with lower valent cation [54] . Bechnemann and Hoffmann described the development of visible light responsive photocatalysts by incorporating small amounts of components such as cations and metal oxide. Many studies have demonstrated that the concentration of dopant is critical and affects the photocatalytic activity. However, there is an optimum amount of doping concentration beyond which any further increase could enhance the recombination rate of charge carriers, thus decrease the photocatalytic activity. Binas et al. demonstrated that for the case of MneTiO 2 doping, such an optimum ratio is at 0.1% (w/w) with~20 nm particle size. In their report, the effect of Mn-doped TiO 2 as a function of Mn concentration and the corresponding shift of the absorption edge was studied and subsequently contrasted with the resulting photocatalytic activity. At first, the introduction of small amounts of Mn 2þ into TiO 2 leads to a significant shift of the absorption edge towards the visible range (about 20 nm) as compared with commercial (P25) TiO 2 showing a single intense absorption edge around 400 nm due to a charge transfer transition between the lattice oxygen ligands (O À 2 ) and a titanium ion (Ti 4þ ). Further increase of the Mn dopant concentration up to 1% leads to a gradual increase in the sub-bandgap absorption with no apparent further red shift. In the case of Mn doped TiO 2 , the corresponding red shift in the band gap transition ( Fig. 4 ) and the resulting visible light absorption has been attributed to a charge transfer between the Mn dopant (d electrons) and CB (or VB) i.e. a d-d transition in the crystal field as described by Hoffman [31] .
Applications of modified TiO 2 for improved air and health quality
Air quality
Laboratory and real scale data obtained by researchers within the framework of various projects indicated that, upon irradiation with UV light, TiO 2 containing paints efficiently destroy the ozone precursors NO and NO 2 up to 80% and 30%, respectively. The photocatalytic conversion of NO was found to increase with the decrease of relative humidity (50%/20%) and the photocatalytic rate of NO was calculated to be between 0.11 mg m À2 s and 0.42 mg m À2 s, depending on the humidity level [17, 55] . The basic processes taking place at the air/semiconductor interface in the presence of H 2 O, O 2 , NO and NO 2 leading to the formation of nitrates and nitrites are as follows:
Apart from NO x , chamber experiments done with various photo-catalytic paints for the removal of organic compounds e.g. toluene indicated a varying degradation of toluene between 8% and 90%, depending of the photo-catalytic material used. Degradation of toluene was affected by the relative humidity, as in the case of the degradation of NO, too [10] . Volatile organic compounds such as toluene and benzene, which are belonging to priority air pollutants in outdoor and indoor environments, were also tested within an EU research project (Clear-up/Resource efficient buildings for real life [20] ), as individual compounds and as mixtures to evaluate their removal over TiO 2 containing mineral silicate paints irradiated with UV light. The results were very promising and indicated that TiO 2 containing coatings substantially degrade these compounds either as individual compounds or as mixtures. After 7 h of irradiation toluene was degraded to almost 90% (RH 20%), while degradation of toluene in a mixture with NO or benzene was faster, up to 90%, after 4 h only. Repeating these experiments by changing the relative humidity (RH) from 20% to 60% the conversion of toluene either as individual compound or as a mixture with NO and benzene was found to be much slower (up to 75%) as shown in Fig. 5 .
A schematic presentation of the involved reactions during the photocatalytic degradation of Toluene is given below:
The OH radical formation appearing during the irradiation of TiO 2 was calculated on the basis of their reaction with toluene. Although the calculation of the formed OH radicals at 20% relative humidity of the order of 1.6 Â 10 7 and 6.2 Â 10 6 molecules/cm 3 at 60% needs to be confirmed, it nevertheless shows an almost one order of magnitude difference in the formation of OH radicals by the irradiation of TiO 2 at various humidity levels.
The effectiveness and ultimately the usability of the above optimized Mn-doped TiO 2 materials on air-quality control applications was demonstrated by their incorporation into a calcareous matrix commonly used as a constituent of building products. Results have shown that Мn-doped ΤiΟ 2 photo-catalyst upon irradiation with visible light may degrade up to 95% of NO after 6 h of irradiation, without any significant photo-catalyst inactivation. It should be noted that the most effective degradation rate was obtained for the 0.1% Mn-doping photo-catalytic coatings under visible light irradiation (Fig. 6 ). Incorporation of this optimum doping rate into a calcareous filler matrix at total volume concentrations of 5% and 10%, under that same illumination conditions the rate of NO degradation was higher on the filler panel surfaces with twice as much photocatalytic (0.1% MneTiO 2 ) material ( Fig. 7) Photocatalytic activities of TiO 2 and Mn doped TiO 2 have also been investigated, besides the decomposition of NO, for acetaldehyde too in gas phase.
It was found that under visible light irradiation 0.1 Mn doped TiO 2 shows high photocatalytic activity for the removal of acetaldehyde as compared to undoped and Mn doped with higher concentrations (Fig. 8) . The end products analysis has shown that CO 2 is the major photocatalytic product in acetaldehyde degradation with higher CO 2 yields under UV light irradiation in comparison with visible light [56] .
However, besides calcareous matrices the investigation has been extended by the introduction of Mn doped TiO 2 into cementitious matrixes contain 5 and 10% of the photocatalytic material under UV visible light irradiation. Kotzias et al. have studied the photocatalytic activity of smart photocatalytic paints and showed that when added to a building material matrix (inorganic paint) the photo-catalyst (0.1% Mn doped TiO 2 ) still remains active for the degradation of NO. Following a 6 h exposure under visible light, NO was degraded efficiently in the presence of panels containing 5 an 10% of the 0.1% Mn doped TiO 2 photo-catalyst by up to 80 and 95% respectively (Fig. 9) .
The useful message obtained as an outcome of these experiments was that, upon selection of both, appropriate dopant type and its concentration in the crystal lattice of TiO 2 , the photoassisted elimination of air pollutants using semiconductor oxides may be a promising technique for remediation purposes in indoor environments.
In all de-pollution processes, choosing the right photo-catalyst with the highest activity and durability is only the one side of the problem. However, choosing the right matrices for the incorporation of the optimized photo-catalysts in such a way that the side effects of the photocatalytic process either under UV or visible light exposure is of paramount importance too. Indeed one should be very careful of the type and concentration of by-product formation which may render a photocatalytic commercial product from lunched in the market. This is particularly important for photocatalytic paints due to the numerous types commercially available containing an endless list of organic and inorganic substances serving the consumers' needs.
Assessing the de-polluting efficiency of photo-catalytically active paints, one may observe the formation of carbonyls while irradiating with UV light. This observation is confirmed by a number of studies conducted in the past. Long term UV irradiation experiments with a photo-catalytic paint of known composition for a period of 14 days showed the formation of low molecular weight carbonyls [57] . The formation of carbonyls decreases in the course of the irradiation. In addition, components of the paint were irradiated separately in the presence/absence of titanium dioxide as reference. Formaldehyde, acetaldehyde, propanol and acetone (in decreasing order of concentration) were the main carbonyls identified.
In this context, within the framework of our investigations, evaluating the depollution efficiency for priority air pollutants by photocatalytic coatings e.g. paints we did study the type and contents of by-products formation. In this practice, we often observed the formation of low molecular weight carbonyl compounds e.g. formaldehyde, acetaldehyde as by-products following irradiations with UV light. By-products can be formed either as intermediate products from the incomplete photo-catalysis of pollutants or as secondary products due to degradation of supporting materials (components) in the coatings, which basically serve to increase the stability and consistency of coatings. Supporting materials are resins, cohesion agents, super plasticizers and defoamers; mostly organic polymers, organic dyes, aliphatic and aromatic solvents. Degradation of these components while irradiating the TiO 2 based coatings leads to increased formation of aldehydes and ketones as by-products (Fig. 10 ). This has been demonstrated by the irradiation of the individual components in the presence of TiO 2 .
Organic polymers as paint constituents were found to be the main source for the formation of the carbonyls [58, 59] . A possible solution to avoid or diminish the formation of by-products when using semiconductor based coatings may be the development of more stable paint components. Another possibility to avoid/minimize secondary emissions would be the pre-treatment of the photocatalytic coating prior to commercial distribution over a longer period of time. Recent studies indicated that secondary emissions of carbonyl compounds are considered negligible after irradiation of the coatings over a period of three weeks.
In conclusion, it should be underlined that the development of innovative building materials and coatings (containing TiO 2 ) and, in particular, the development of modified catalysts activated by visible light are two fields of innovative research that will keep been active for years to come. Moreover, targeted studies are needed addressing the efficiency of photocatalytic materials on the degradation of chemical mixtures including the determination of eventually formed, toxicologically relevant, by-products in an effort to evaluate the applicability of these materials as indoor coatings on a number of surfaces thus improving indoor/outdoor air quality. In this context, the combined disinfecting properties of these photocatalysts are promoted and as such are analyzed in the following.
Disinfection
The increased human exposure to microbial pathogens has always been an issue of general interest, as it may lead to the emergence and dissemination of diseases with considerable socioeconomic impacts. Bioaerosols, which are suspensions of airborne pathogens, or are released from living organisms, contribute in indoor air pollution. Bacteria, fungi and viruses are enlisted among them, causing serious diseases and contributing in the transmission of tuberculosis, influenza, pneumonia and many others [2, 60] . The ongoing research regarding disinfection explores different techniques, whose ultimate goal is the control of such disease-causing microorganisms to tolerable and acceptable limits for public health protection [3, 61] . Disinfection is mostly referred to the inactivation of pathogenic and virulent microorganisms, without necessarily killing them. AOPs and TiO 2 -based photo-catalysts have gained enormous attention during the past few decades as disinfection agents against various microorganisms, including the most persistent in the environment like viruses, bacterial spores and protozoan cysts. Their high oxidation potential results to the in situ generation of highly reactive transitory species, which ultimately "attack" microorganisms, inducing stressful conditions [15] .
The response of microorganisms during photocatalysis is strongly affected by the cellular structure, components and forms, which vary extremely within the microbial world. Although many studies have already elucidated the general mechanisms of microbial inactivation, the detailed procedure concerning certain groups is still in an early stage. The biocidal effect of photocatalysis is attributed to the generation of ROS, with hydroxyl radical (HO ) followed by superoxide radical (O À 2 ), hydro-peroxyl radical (HO 2 ) and hydrogen peroxide (H 2 O 2 ) being the primary species responsible for microbial destruction [62] . The first step is the interaction between the microorganism and the nanoparticles of the catalyst affecting the outer cell wall components, followed by lesions in the cytoplasmic membrane (Fig. 11) . The latter increase cell permeability, permitting the release of intracellular components into the external environment and inducing loss of viability [63] . Moreover, it has also been reported that cell death is achieved by the oxidation/reduction of the intracellular Coenzyme A (CoA), which inhibits the process of respiration [64] .
The resistance level of bacteria varies among different groups and is affected by the thickness of the cell wall and the overall cellular form. According to many studies the order sensitivity for some bacteria is the following: Gram-negative bacteria (other than Fig. 11 . SEM images of E. coli (aec) and K. pneumoniae (def) without treatment (negative controls) and after photocatalytic treatment (simulated solar irradiation) in the presence of metal-doped TiO 2 . coliforms) > coliforms > Enterococcus sp. > other Gram-positive bacteria [11] . Gram positive species possess a thick cell wall with many layers of peptidoglycan and teichoic acids, which provides protection up to a certain extent as it obstructs penetration of free radicals [65] . Nevertheless, this precedence order may be reversed depending on the operational conditions and the bacterial indicators employed in each case. Yet, bacterial inactivation through photo-catalysis shows promise for widespread applications. Many different bacterial species show high inactivation rates on TiO 2 coated surface in air, making photo-catalysis a sufficient technique for the purification of indoor environment [60] . Further studies under visible light with doped titania materials (e.g. AgeTiO 2 /GF), broaden the use of this technique, especially when UV irradiation is prohibited [2] .
Venieri et al. have been studying solar photocatalysis for water/ wastewater disinfection, employing various modified titania catalysts (e.g. Mn-, Co-and Mn/Co-binary doped titania) for the inactivation of E. coli, Klebsiella pneumoniae and coliphage MS2 [66e68]. Some representative results are shown in Fig. 12 , where it is observed that K. pneumoniae may be inactivated satisfactory in aqueous matrix during solar photocatalysis with 1 wt% Mn-doped TiO 2 . Although the contribution of UV light was obvious, total removal of the bacterium occurred under simulated solar light at 5.8 Â 10 À7 E/(L.s), while longer periods were required at lower photon fluxes. Further satisfactory results were obtained when Staphylococcus aureus was the bacterium of our interest. Fe-, Aland Cr-doped titania achieved an almost 7 Log reduction of the bacterial population within 30 min of exposure under simulated solar irradiation (Fig. 13 ).
Another group of microorganisms of great importance for the air quality of indoor environment includes fungi (filamentous forms and yeasts). Although research regarding fungi inactivation through photo-catalysis is quite limited the general observation is that they exhibit considerable tolerance, possibly due to the presence of chitin in their cell walls [64, 69] . Rodrigues-Silva et al. [14] , who performed gas-phase inactivation studies with different microorganisms, recorded the faster bacterial decay compared with the fungal one. Similarly, Pigeot-R emy et al. [70] , who tested the inactivation of A. niger spores from indoor air by photocatalytic filters, observed that long durations of exposure to UV-A or UV-C radiation were required for adequate fungal elimination.
Viruses are also included in microbial organisms, despite the lack of enzymes and cellular structure. Their remarkable tolerance under stressed environmental conditions has drawn the attention of researchers, since they are extremely dangerous for public health [71] . The inactivation of viruses in photocatalysis is initiated by their adsorption onto the catalysts nanoparticles followed by the attack on the protein capsid and the binding sites of the viruses [72] . Conversely, other studies suggest that the inactivation behavior of viruses, including phages, is mediated by free hydroxyl radicals in the bulk phase and not by those bound on the catalyst surface [73] . Kozlova et al. [74] , who studied the inactivation of aerosol deposited model pathogenic microorganisms over TiO 2 and Pt/TiO 2 , found that vaccina virus and influenza A virus (H 3 N 2 ) were inactivated up to 99.8% within 30 min irradiation of Pt/TiO 2 .
In photocatalytic processes the ultimate target of ROS is the microbial genetic material. The crucial damages in DNA molecules are attributed to the attack of superoxide radicals and hydroxyl radicals, produced at the surface of titania during a photocatalytic process, while RNAs exhibit higher sensitivity and less stability [75] . All these structural damages are subject to restoration and microbial reactivation may occur under specific circumstances, depending on the properties of each microorganism. Although the mechanism of repair is usually activated in certain bacterial species upon UV-C irradiation, it has also been documented after exposure to UV-A irradiation [76] . This issue raises certain concerns regarding the durability of photocatalytic disinfection. However, permanent elimination of pathogens and public health protection may be accomplished after selection of the appropriate technique and standardization of its operational parameters.
Conclusions
It has been demonstrated that the removal of NOx gases and VOCs at typical urban/indoor air levels by the use of photo-catalytic (TiO 2 -based) technology is feasible. Moreover, TiO 2 -based photocatalysts have gained enormous attention during the past few decades as disinfection agents against various microorganisms, including the most persistent in the environment like viruses, bacterial spores and protozoan cysts.
Humidity affects both the NOx and VOC photo-degradation. An increase in humidity inhibits photo-oxidation, due to the competition of water molecules with pollutant molecules for adsorption sites. Photo-catalytic paints, especially, for indoor environments need (regarding the ingredients/paint components) to be optimized in order to reduce or eliminate the emission/formation of harmful byproducts.
With selection of both the appropriate dopant (i.e. Mn) and its concentration in TiO 2 coatings, the photo-induced elimination using visible light of indoor air contaminants is a promising technique for remediation purposes in confined environments. Furthermore, application of TiO 2 -based photocatalytic coatings can contribute to energy saving due to the reduction of ventilation rates in buildings.
On the other hand, the synthesis of new solar-active and stable photocatalysts can boost the technology of disinfection processes, towards an extensive variety of disease-causing microorganisms. In a nutshell, solar processes may prevail over other techniques in the quest of efficient disinfection/decontamination treatment technologies, since they exploit a renewable energy source, avoiding operational costs and other limitations associated with artificial illumination.
Future trends in photocatalysis
The global market for photocatalytic materials and photocatalysts will increase in the next years, in particular in the construction sector. Development of innovative building materials and coatings (containing TiO 2 ), in particular, the development of modified catalysts activated by visible light are two fields of innovative research to be addressed in future investigations. Targeted studies are needed addressing the efficiency of photocatalytic materials on the degradation of chemical and biological contaminants including the determination of eventually formed, toxicologically relevant, by-products in order to evaluate the applicability of these materials and coatings in indoor environments too. The disinfection performance of those materials is very promising, even for the inactivation of severe pathogens contained in water and indoor air environments. What is further required is the standardization of photocatalytic techniques for the establishment of their performance limits in each case. The latter is a function of the type of microorganism under investigation, the stringent legislations and the overall public health awareness. Research on the topic will maximize the performance of photocatalysis, with the view to apply it on a routine basis and in large-scale applications.
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